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Abstract 


The  nucleation  rate  of  silver  deposited  from  the 
vapor  phase  onto  a  soditim  chloride  substrate  has  been 
studied  as  a  function  of  substrate  temperature  and 
incidence  rate.  The  experiments  have  been  performed 

o  s 

in  an  ultra^high  vacuum  system  on  a  substrate  cleaved 
in  situ.  The  results  are  found  to  be  in  agreement  with 

o 

a  theory  based  ©n  the  assumption  that  the  critical 
nucleus  is  a  single  att>m  for  high  supersaturations  and 
contains  three  atoms  at  the  lower  supersaturations 
employed.  Using  the  "theory  a  value  of  0.4  ev  has  been 

o- 

obtained  for  the  ad's@rpti@n  energy  of  silver  on  sodium 
chloride*  It  is  also  estimated  that  the  activation  energy 
for  surface  diffusion  Is  less  than  0.2  ev^  and  that  the 
dissociation  energj'  of  the  cluster  of  three  atoms  is 


Introduction 


In  the  formation  of  vapor  deposits  there  is  reason 
to  believe  that  in  most  cases  th^  critical  nucleus  is 
very  small,  containing  less  than,  fiv«  to  seven  atoms.' 

F©r  such  small  nuclei  the  classical  nucleation  rate 
expressions  are  not  valid!®.  Jin  al'ternat©  expression  which 
is  also  valid  for  small  clusters  ©f  atom®  has  been 
def’ived  in  a  previous  publication  ift  which  the  nueleatlcn 

O' 

rate  Is  given  in  general  by,  * 


n®  •  |«P  (("*+U9,d+V-%)  /« 


•  numlber  of  atoms  in  the  crlticol  nuclewi 
S  =»  t*t«  of  incidence  from  the  vopor,  em'^sec*^ 

°  ^.0  *  number  of  adsorption  eite*  per  cm^  of  surface 
y  ■  •  frequency  of-  vibration 
,  m  binding  energy  of  a  single  atom  to  the  surface 
»  dissociation  energy  of  the  critical  nucleus 
activation  energy  for  diffusion 

» .  °  o 

a_  o  dllstance  covered  in  a  single  diffusion 


At  Chs  high  fupersaturaclon  limit  the  critical  nucleus 
become*  a  single  atom.  If  this  is  s»,  then  =  O,,  and 

«  o  e 

the  pueleatlon  rate  becomes 
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As  the  supersaturation  is  lowered^  a  point  will  be 
reached  at  whieh  the  nucleatlon  rate  is  no  longer  given 
bf  Eq .  (2J .  Equation  |2)  is  the  rate  of  formation  of 

pal'f?  and  will  only  hplci  l@ng  as  a  pair  is  stable^, 

*  ® 

and  as  long  as  it's  |)rcs>feabi|it;y  sf  decaying  is  less  than 
it's  probability  ®f  gra«?iftg^  i.e. ,  when  it's  probability 
of  decay  is  less  tiian  ofte-haif.  The  *iu$leation  rate  to 
a  first  approximation  is  calculated  in  general  as  the  rate 
of  formation  of  the  smiles?  cluster  whoae  probability 

Oi 

©f  decay  is  less  than  ofte-half.  If  the  supersaturation 
ii  Iwgred  so  that  a  pal*^  becomes  unstable  because  the 
bitidlng  of  one  atom,  to  another  Is  Insufficient  to  prevent  * 
the  decay  of  the  pair  into  two  single  atoms  before  it  is 
joined  by  a  thirds  them'  ®  configuration  with  two  bond's 
yer  atom  can  become  the  smallest  stable'pluster,  i-e., 
the  smallest  cluster  whose  probability  of  decay  is  less 
than  one-half.  Of  the  large  number  of  possible  con¬ 
figurations  which  have  a  minimua  of  two  bonds  per  atom 
those  with  the  smallest  number  of  atoms  will  be  favored 

O' 

because  the  concentration  cf  •  cluster  decreases  rapidly 
with  its  site.  The  smallest  cluster  with  the  required 
minimum  of  two  bonds  is  e  triangular  configuration  of 
three  aWm  (Fig»  lbl»  It  tan  be  seen  (Fig.  lb)  that 
this  will  lead  to  an  orientation  ef  the  film  such  that  a 

e 

(III)  plan©  is  parallel  t©  the  substrate.  However^  when 
face  centered  cubic  ffietals  are  deposited  on  a  sodium 
chloride  cleavage  face  the  resultant  orientation  is  a 


(100)  plane  parallel  to  the  surface.  This  orientation 
will  result  if  the  cluster  consists  of  four  atoms  in  a 
square  (Fig .  Id) .  Thus  it  can  be  concluded  that  in  this 
case  the  nucleation  rate  is  given  by  the  rate  at  which 
the  four®  atom  cluster  is  formed.  The  critical  nucleus 
In  this  tase  will  be  4he  configuration  of  three  atoms 
ghown  ii>  FSg«  l<s,  an<f  the  nucleation  rafe  is  given  by 


wh«f«  fij,  i»,  tile  dligoslatio*  energy  of  the  eJ-uster  sfeowi®!^ 

In  fifi.  It,  * 

=  h/ tfaCt^  it  is  astutned  (that  the 
Ihiivdlng  forces  t^tween  the  adsotbeiJ  atem  and  the  4tteb» 
strate  are  not  directional*} 

^h«  tempcjature  at  tehteh  the  ttranstticn  tueurs  from" 
•no  xn»ele>»s  te  the  othef  can  he  obtained  by  equating 
S^s.  c?>  and  (J)#  thus  the  transition  temperature  is 


CW2  E3+<?alti 

fe  la  {R/vu^ 


(4> 


St?  Is  n.a&  elear  ^Hy  th«  rriangwlaip  tonfig«irati©ii 

o 

is  less  favored,"  In  fafC  if  does  occur  i®  sufficient 
concentrafl®^  f®^  a  Hill  frlefitation  t®  be  defected 

o 

5 

when  g'&l4  Us  deposiged  oi®  IfaCl.  Neverthel.es Sg  it  is 
probably  adequate  t®  neglect  the  appearance  @f  the  flll| 
orientation  and  usq  Eq.  (3)'  for  the  nucleation  rate  * 


p  o 
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If  the  supersaturation  is  lowered  still  further  a 
point  will  be  reached  at  which  the  smallest  stable 
cluster  with  a  minimum  of  two  bonds  has  a  probability 
greater  than  one-half  of  decaying.  &s 

no  longef  validj  and  larger  critical  puclel  must  ®©i¥» 
sidere#®  Hflwevef^^  this  will  nss,  be  done  %ts:e. 

.«•  O'! 

'1?he  purpose  ^)f  this'  worfe  is  So  examine  th®  appifs® 
€a|s|llt^  E^s  ,,  ^2^’  and  ('^')  t©  the  foWnation  «  f  4lvet 
deposit  on  IfaCl*  ;5pecififilaily  tfie  follawiiig  points  v||| 

tfonside1fe4:  * 


p 


'd) 


a|  Tn-  the  reglch  Where  (2)  holds  the  nueltstiofii 
race  ts  ptoportiotial  to.  li  '  and  Vher4  Ecj,  (J}  iS  Valid 

.  n  *  ®  ^ 

Iff'  is  pr<)potctonal  tO'  fi  , 

The  pre-e2Cp6nent;fal  may  lit  ealculated  and 

(icmpared  t^ith  the  mesiured  ifaliaest  ^ 

c|  The  valued  «|  Che  iodividuat  CCXSis  in  the  e:!Sponenetsl 
liiay  hs  detSnmiiieii  since’  there  are  three  equations  availsbICf 
Jr  and  {|inknowns»  Iti  addition^  a  useful  ^ 

independent  eheck  oa.  these  isalves  'tfan  theft  he  chtaifted  ill 
the-  following  wayf  » 

'•>  0-' 

It  is  chsraeceristic  cf  the*  fprmation  ftf  the  deposit 

ip 

‘that  as  each  inland  grows  it  acts  nff  a  siftk  f«r  singlfe 

.  *■ 

athms  in  it*s  imrnedlete  nelghborhnodl*  Thtts  eseh  growing 
paycitfle  deplete*  a  stirVounding  ruglen*  xKe  tad!l«s  of 
fthls  regi«a  is  fo  a  first  appre^cimatioB  the  avei-ag®  d|staas.% 

ai>  aton®  may  diffuse  nft  th®  s^rfafe  before  it  evapord€g@ 

© 

O  / 

thei  diffuSioil  disfaftge®  Jlhe  d^ffusifs  iisfiance  is  given  by^ 


e 
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d  -  exp(Qg^-Qjj)/2kT 


(5) 


As  nucleation  proceeds  and  more  particles  appear  less 
surface  is  available  for  nucleation.  Nuclegtion  should 
in  fact  stop  when  the  depleted  .regions  eves’iap.  If 
this  is  true  then  the  diffusi^fi  aistaftee^  an#  hence 

O 

(Qad"Qj))  roay  be  detcrmlfted  f^em  the  fiaCuratiojii  fiumbe®  @f 
particles . 

4^  Filial ly  tJie  ftp4Ca<ial  aiioiil4  ii%  relatei 

to  the  Aiibstratc  tcmpetfttu^C  Mid  tKc  tcvcidec^Cc 
an  expres^iot?  Co  IC  It  identic*!  •kecpC 

tfcat  ifvstead  oi  I/?  tfie  fncrgy  of  *  single  bead  y  b;et\^*<i 

*  single  a  tern  end  ths  clusCdT  sIMu14  «f>^e*r 


.  ,y  +  Oad„„ 

k  Ifv 


•> 

O; 


the  energy  of  th^  siiigle  V,  »Koul4  bt  le»S 

than  on  t<»  1/2  bv?  gcealec  tlian  the  anejrgjr  ei 

a  single  bond  in  the  bvlk  Ctystalj  since  ioV  a  ftetal 
the  biftdifig  eftergy  «f  an  4tcm  g«>  Ch«  (jlviSef  can  be  „ 

tkfreeted  to  vaty  Inversely  Vith  the  size  og  the  cluster® 

m 

^hii  exjiresaion  is  derived  by  *sstraiing  that  If 
an  afoitt  is  bonnd  CO  Che  gC®Wi»a  ^artlsle  by  a.  single 
b©fl(f  afed  does  fvsl  leav’e  th^  farfigle  |)^fore  another  atom 
arrives j  g)  single  toriefotatiori  'Will  not  be  possible.  On 
the  other  hand^  if  t|  must  be  bound  by  two  bonds  to  be 


stable  then  an  orientation  will  be  produced =  Thus  the 
simple  argument  presented  above  Ignores  the  possibility 
that  the  atom  may  diffuse  to  a  more  favorable  position 


on  the  cluster. 


« 


Experimental  ^ 

Basically  the  experiments  consist  o^  determining 
the  nucleation.  rate  as  a  function  o£  substrate  temf>era8 

o 

ture  and’  incidence  rate,  retJtiee  tne  pro^>?ems 

Induced  t)y  Uft««lvltolled  gontami^afion  e;{|ieKimeAii 

ate  eartied  In  an  ultr^^ilis^  VtfilMm  ^^stem  9fl  A 
»tta.te  cleaved 

7he  system  ts  s^howif'  ^ghematicall^  iiti 
^aeuum  system  is  a  3^  ba^^atile  m#Cal  SJrsten*  aftd  is  • 
capable  a  bas^  j>tcsis«ta  lietvegn  Z  aji4  J  x  10*^®  «ni$i 
of  Hg  after  baking  otifc  aC  5.00 'C  if>t  appr^tmaSfily  Six 

hours  •  '*  4 

The  source  consisted  C><£  «  Cat)talun|  alsrl(» 
depression  in  the  eefttey  t?b|ch  toi>lai.ns  tbe  gflvet®  « 

The  source  was  hgated  J»y  pastfft^  a  enttetvt  of  about  ©, 

15  amperes  through  ttiQ  taiitalu»  Itjrlp#  tile  feemj»eratur% 
was  measured  by  a  €b.fomel»aiuifiet  thermocouple  spot® 
welded  to  the  depress lofl  fn  the  tantalum  I®  was 

found  to  indicate  a  temperat^lfe  a%  the  ?nelf ing  p@ip%  ©f 
silver  within  |°e’  of  the  Crde  melting  p^int.  ©After 
suitable  outgassing  it  was  possible  to  evaporate  a  sllvef 
at  a  suitable  rate  with  a  pressure  ^in  the  system  less  than 
l  x  10  ^  mm  of  Hg .  Detailed  views  90°  apart  are  in  Fig.  3. 
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The  NaCl  substrate  was  a  single  crystal  about 

O' 

5  mm  X  5  mm  X  3  cm  held  in  a  copper  block  by  a  spring. 

The  copper  block  was  heated  externally  by  a  nichrome 
heater  and  it's  temperature  measured  by  a  chromel- 
alumel  thermocouple .  ^  ^ 

o  The  ®substrate  was  cleaved  by  a  razor  blade  intro¬ 
duced  into  the  system  through  a  stainless  sfeel  bellows. 

The  experimental  proce4ure  used  was  bring  the 
source  to  temperature  before  ^he  lary^^a^  was  gSeaved. 

The  condensation  of  sil^e^  efjfectiVeiy  s^a^ted  When  the 
crystal  eleaVed«  It  was  a  fjpe^ified  length  ^ 

of  tj.mej  and  stopped  Warning  Current  to  the 

source.  <§, 

The  crystal  wit1:>  tHe  4ep4si.t  %as^tl;>ei>  removed  from 
the  system,  the  deposit  VaS  stiatfewe^  Vith  ptatinUiH„ 

■9 

backed  with  carbon  and  the  stit^trate  ^is^oWec}  awajf. 

She  replica  prodvKjed  in  thtji  Way  WaJ  ejiamlped  lit  th^ 

•  ® 

electron  mi^regcope  whe!»e  the  M«m1>e¥  of  o£ 

9 

deposit  were  counted.  Shis  mjmbejf  (Jivided  bjf  the  time 

O 

of  the  evaporation  yielded!  ttie  fWlcleatiCn  rate. 

For  this  procedtlre  to  ^^•leld  the  true  iiucleatie®  » 
rate  it  was  important  that  the  #aturat!4©i|  e£fee%$ 
referred  to  in  the  introduction  |)e  aAfc^ded .  This  was 

I®  ® 

verified  by  shielding  half  the  erystal  w^tli  the  fazo-^ 
blade  midway  through  the  evaporation  and  determining 
whether  the  concentration  of  deposit  on  one  half  was 
twice  that  on  the  other,  or  not . 


O 


Results  and  Discussion 


Before  discussing  the  results  in  detail  it  is  well 
to  review  the  major  apparent  sources  of  experimental 
error . 

It  is  obvious  that  particles  of  dimensions  smaller 

than  the  resolution  limit  of  the  microscope  were  not 

counted.  In  practice  even  those  slightly  larger  than 

this  could  not  be  detected  because  of  the  grain  size  of 

© 

the  particles  of  shadowing  fia'tet’jjalk.  A  iec©Ki<i  sourse 
of  error  appeared  to  he  afsociatgd  with  the  stripping 

O 

process :  There  was  some  reaten,  to  hei4e%e  tTa>at  ^artifle* 

O 

smaller  thaik  about;;  40A  in.  stze  F^em  tjae 

length  of  the  shadovt^  it  vas  detetjnifted  that  the  particles 
were  about  as  high  as  t^ef  ©7e«e  Jhuis  tfiey  wete 

growing  uniformly  In  all  4i»e<fi»nSj  and  at  steady  state 
their  linear  dimension,  must;  he  pto^j^ftienat  t©  tjve 
root  of  the  time.  Iiv  the  res\ilts  io  ^e  ^uote4  the 

O 

largest  particles  observed  we^'e  Iretweett  lOOi  afiij  2O0A 

g  o 

in  width  so  that#  the  f>a*ticles  %cat  tindeteeted 

must  have  been  growing  a  £*aitSon  mf  the  time  of  the 
experiment  which  was 


Therefore  the  error  due  to  not  counting  particles  smaller 
than  40A  is  not  more  than  about  6%. 

e 

A  third  possible  source  of  error  is  due  to  the 
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effect  of  residual  gas  in  the  vacuum  system.  However 
during  preliminary  experiments  the  system  pressure 
during  an  evaporation  lasting  five  minutes  varied  from 
run  to  run  by  a  factor  of  10  (from  8  x  10  mm  to 

—  Q  ^ 

3  X  10  mm)  without  any  notieeable  effect  on  the  deposit . 

e' 

The  substrate  and  source  temperature  were® held  to 
+  0.5°C,  and  the  error  due  t©  fluctuations  in  these 
temperatures  is  negligible* 

Finally  the  ef£ee^  o^  Viqjpu*4tiQi  and  imperfections 
in  the  crystal  in  nucleating  dep®s£¥  should  foa- 
sidered.  The  effect  of  st^fs  iil  |>tfe/6<entiaily‘ 
nucleating  the  deposit  is  shown  i4i  Fi$*  6»  Xt  is  sleaf> 

that  this  effect  can  be  tca(JiXy  an4  eVimiaated 

o  o  ^ 

as  a  source  of  erroi*  hy  the  simple  c?:^e(f4ei>t  counting 
betweefik  steeps «  Xoinit  liiripeKic{iticns  ^n  the  furnace 

such  as  emergent  dlslocatl^M  9;?  «toms  eas^ot 

be  identified  as  feadily#  If^weV^f*  it  is  possible 

discount  the  effecti  o^  th<j  j)resent  work 

since  some  cafe  was  tal^ea* •wot^t  al  j)atti«le  defesities 
which  were  as  high  aj  fos^il^ie  %itlloi*t  patdtation  effects 
becoming  a  problemj  * 

O' 

Let  the  numbef  &i  deceit  giteg  ^et  Wnit  area  of  o 
surface  be  and  asgum^  fih^t  N^.  Let  the 

additional  binding  en^fg}^  a  fluster  of  size  n  to  the 
site  be  Q^.  Then  at  equilibrium  the  number  of  clusters 
of  size  n  on  defect  sites  per  unit  area  of  surface,  N' , 


will  be,  assuming 


1 
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N' 

n 


N_ 


n 


Q^/kT 


N. 


(7) 


The  nucleation  rate  is 


I’  =N^*rn* 


(8) 


+ 


where  is  the  rate  of  arrival  of  single  atoms  at  the 

nucleus  of  size  n*. 


Thus  1'  cant  *be  "Written 
@ 

=  ? 

♦ 


(9) 


s  infee  1 


-•k^r 


The  rate  i'  is  <he  Ka^fis*  per  upif  afea  of  surfaee. 
However^  what  is  pro^aljlif  mife  fignif leant  is  that  the 
time  to  consume  a  fixed  f'^aS^^cn  of  the  available  defect 

sites  is  a  factor  e  Rifles  rhe  'timQ  to  exhaust  the 

0 

same  fraction  of  normaiJi  sites  ,  51?is  ^s  significant 

for  the  following  aeeafon.  fke  €ital  fiueleatioa  rate  an. 
the  free  surfaee  4s  I  $oP  t*  be  a  signj^feeant 

correct ion j 


(5  >^T 


-2 


(10) 


If  is  less  than  10-  cm  then  the  imperfections 

can  be  neglected  since  a  typical  particle  density  is 

10  -2  12  -2 
10  cm  .  If  is  greater  than  about  10  cm  they 
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would  be  detectable  by  other  means.  Thus  the  defects  are 

only  troublesome  if  they  occur  in  concentrations  of 

lO"^  -10  cm  .  But  if  this  were  so^  from  Eq.  (10) 

would  have  to  be  of  the  order  of  0.3-0. 4  ev.  The  pre- 

-4  -  *5 

exponential  would  be  lower  by  a  factor  of  10  -10  and 

the  experimental  results  would  no  longer  agree  with  Eqs . 

(2)  and  (3).  ® 

The  results  are  shown  in  Fig.  5  and  Table  I.  The 
source  used  fo#  %tie  incidenee  rates  of  6  x  10^^  cm"^  sec"^ 

is  -2  -1 

an4  2  ^  ^0  cm  •  se#  was  aecAdentally  destroyed  before 

the  atsoWte  ^al^c  th^  iAciden%^  rate  could  be  determined. 

The  values  <juote<t  <al«^*lated  f'rom  ^he  geometry  of  the 

system  usi«ig  ^ptlg  3at^a  <fr»m  ^onig.^  Howeverj 

the  relative  magnitudes  ay^  exact,  and  sorrespond  to  a 

ratio  o£  ffh«ee  iti  jejative  in(|f(fence  rates . 

tTsing  a  sessnd  giiulfe#  fjWcleatien  $-a*es  were  deter- 
s 

mined  at  the  lowef  sv^s  tffate  tempera tilfes  .  ®rhe  incidence 
rate  was  measuved  in  Ihit  4ase  b^  weighing  the  silver 

deposited  for  a  Jfixed  3keB|Jth  of  time  and  was  found  to  be 

.  «nl3  -2  •i 
1  X  10  cm  see  *4 

o 

The  results  in  Fig*  ?  an  '’’agli^ya^ion  energy" 

above  the  t^'ansition  gempe#attSt-^  ^,.7  eVo  a  transition 
temperature  between  2§6f  afjd  an<f>  below  this  an 

"activation  energy"  of  0.59  qyp. 

A  change  in  incidence  rate  (Sf  a  faqtor  of  three 
above  the  transition  temperature  resulted  in  a  change 
of  the  nucleation  rate  of  100.  Below  the  transition 
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temperature  a  change  in  nucleation  rate  of  a  factor  of 
six  corresponded  to  a  change  in  the  incidence  rate  of 
about  two.  In  this  latter  temperature  range  two 
different  sources  are  being  compared  so  the  ratio  of  the 
incidence  rates  given  is  only  approximate. 

As  a  further  check  it  is  possible  to  substitute 
values  for  v,^  and  in  the  appropriate  equations 
and  compare  the  nucleation  rate  obtained  in  this  way 
with  the  experimental  value.  On  a  perfect  sodium 
chloride  cleavage  face  there  are  6.6  x  10^^  sodium  atoms. 

O 

If  it  is  assumed  that  the  silver  atom  is  bound  to  the 

surface  by  non-directional  forces  there  are  four 

2 

adsorption  sites  around  each  sodium  atom^  and  is  then 
2.6  X  10^^  atoms/cm^.  A  value  for  v  of  10^^  sec  is 
probably  appropriate  on  surfaces.  In  fact  using  a  value 
of  of  0,4  ev,  obtained  from  the  experimental  results^ 
and  making  the  assumption  that  the  adsorbed  atom  is  a 
harmonic  oscillator  whose  potential  energy  is  equal  to 
this  value  at  a  distance  from  the  potential  energy 
minimum  equal  to  the  radius  of  a  silver  atomj  the  same 
frequency  is  obtained.  This  to  some  extent  justifies 

the  above  choice.  With  these  values  the  calculated  value 

°  -27-2  -1 

of  the  pre- exponential  is  3  x  10  cm  sec  j  and  the 

"28  "2  “1 

measured  value  is  3  x  10  cm  sec  for  an  incidence 

13  -2  -1 

rate  of  6  x  10  cm  sec 

13  -2  -1 

For  an  incidence  rate  of  1  x  10  cm  sec  ,  below 
the  transition  temperature  the  value  of  4R(R/'^N^)  is 
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-1  -2  -1 

1.5  X  10  cm  sec  ,  compared  to  the  measured  value  for 

- 1  -  2  -1 1 

the  pre-exponential  of  6  x  10  cm  sec 

Considering  the  assumptions  made  in  deriving  Eqs . 

(2)  and  (3)^  and  the  errors  involved  in  the  experiment^ 
the  agreement  between  the  two  is  adequate. 

Above  the  tr,ansition  temperature  the  plot  of  In  I 

against  1/T  yields 

o 

(‘>%d  +  E3-%V  3.8  +  0.2  ev  . 

From  the  transition  temperature 

=  -kT  In  (R/vNq)  =  1.5  t  0.1  ev 

and  from  the  results  below  the  transition  temperature 


(Qad  +1/2^3 


o 

0 


o 


(2Qad-%j=  0.7  t  0.1  ev  . 

These  results  are  consistent  with  values  of 
=  0.4  ev  and  =  2.1  ev.  Unfortunately  the  accuracy 
is  insufficient  to  do  more  than  place  a  limit  ofi  Qp . 

Qjj  appears  to  be  less  than  0.2  ev. 

An  independent  check  can  be  obtained  from  the 
diffusion  distance^  as  previously  discussed.  The 
maximum  density  of  particles  of  deposit  at  220°C  is 
10^^  cm" 2.  Thus^Q^^-Qp^=  0.33  +  0.02  ev^  which  is 
consistent  within  experimental  error  with  the  above 
values . 


Thus  the  agreement  between  theory  and  experiment 
can  be  considered  adequate  considering  the  experimental 
errors  involved  and  the  assumptions  made  in  deriving 
Eqs .  (2)  and  (3)  . 

g  The  effect?  of  substrate  temperature  on  the 

orientation  of  the  deposit  is  shown  in  Fig.  6.  The 

deposits  formed  at  48°C  and  150°C  show  considerably 

less  orientation  than  the  deposit  formed  at  220°C.  ^ 

However j  the  lower  temperature  deposits  are  by  no  means 

amorphous j  thus  diffusion  effects  are  important j  and  a 

rigorous  treatment  of  the  epitaxial  temperature  should 

o 

take  these  into  account.  Neglecting  this  effect  it  is 
possible  to  place  limits  on  the  energy  of  the  single 
bond  to  the  growing  cluster,  using  Eq .  (6)  and  this 
energy  appears  to  lie  between  0.7  ev  and  0.9  ev .  This 
is  eonsiderablg  higher  than  the  single  bond  energy  in 
o  the  crystal,  thus  it  may  be  concluded  that  it  represents 
the  binding  energy  of  a  single  atom  to  a  very  small 
cluster.  O 

Conclusions 

1.  It  is  possible  to  develop  an  expression  for 
the  nucleation  frequency  of  condensation  of  a  metal 
vapor  in  terms  of  the  structure  of  the  critical  nucleus 
and  its  configuration  on  the  surface.  The  validity  of 
this  expression  has  been  determined  experim.entally  for 
the  deposition  of  silver  on  the  cleavage  face  of  sodium 
chloride  for  conditions  where  the  critical  nucleus  is 
expected  to  be  very  small. 
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2.  Surface  imperfections  strongly  influence  the 
nucleation  rate  but  their  effect  can  be  resolved  in 
terms  of  exposure  time  and  substrate  temperature. 

The  observed  effects  of  surface  temperature  on  the 
stability  and  orientation  of  the  silver  deposit  can 
also  be  interpreted  in  terms  of  the  model. 

o 

O 

o 

o 


o 


O 
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TABLE  I 


K 

Substrate 

Temp .  °K 

R 

-2  -1 
cm  sec 

552 

6  X  10^^ 

h 

533 

(t 

541 

rt 

548 

It 

539 

ft 

523  ^ 

2  X  10^^ 

514 

ft 

513 

tt 

503 

tt 

502 

1  X  10^^ 

514 

tt 

493 

It 

492 

It 

0 


Time  #  of  I 

secs  Particles /cm  cm  “sec 


300 

5 

.2 

X 

10^ 

1 

.7 

X 

10^ 

tt 

8 

.7 

X 

10^° 

2 

.9 

X 

10® 

600 

3 

.4 

X 

lolo 

5 

.7 

X 

10^ 

it 

2 

.7 

X 

lolO 

4 

■  5 

X 

10^ 

II 

6 

A 

X 

IqIO 

1 

.1 

X 

10^ 

600 

9 

X 

10^ 

1 

.5 

X 

10^ 

II 

3 

.3 

X 

10^0 

5 

,5 

X 

10^ 

1200 

6 

X 

o 

)-> 

O 

5 

X 

10^ 

600 

4 

X 

IqIO 

6 

.6 

X 

10^ 

1200 

1 

.2 

X 

s 

O 

O 

1 

.0 

X 

10^ 

2400 

1 

.9 

X 

o 

o 

7 

.9 

X 

10® 

1800 

2 

.7 

X 

10^° 

1 

.5 

X 

10^ 

1200 

1 

.8 

X 

10^° 

1. 

.5 

X 

10^ 
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Fig.  1  -  Two  dimensional  clusters. 

Fig .  2  and  3  -  Experimental  apparatus . 

Fig.  4  -  Nucleation  on  imperfections. 

Fig.  5  -  Nucleation  rate  vs.  substrate  temperature. 

Fig.  6  -  Electron  diffraction  patterns  of  silver  deposited 
on  a  cleaved  sodium  chloride  substrate  at  48°;, 
at  150°C  and  at  220°C.  (Incidence  rate^  10^^  cm 

-Iv 

sec  ) 
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